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By R.  B. Doyle 

SUMMARY 

An analysis w w  made t o  estimate the performance of a d i rec t -a i r  
nuclear turbojet-powered airplane using a split-flow reactor  and a 
separated-type shield. The analysis was  f o r  f l i g h t  Mach numbers of 
0.9 and 1.5 and covered a range of a l t i tudes,  reactor-walltempera- 
tures, turbine-inlet  temperatures, compressor pressure r a t io s ,  and 
airplane lift-drag ra t ios .  

For a f l i g h t  Mach number of 0.9, sea-level a l t i tude ,  a reactor- 
w a l l  teayerature of 2000° R, a turbine-inlet  temperature of 1800° R, 
and an airplane l i f t -drag  r a t i o  of 7, the  calculations indicated tha t  
an airplane having a gross weight of 342,000 pounds would be required 
i o  carry a pay load of 20,000 pounds. I n  or6er t o  carry the same pay 
load at a f l i g h t  Mach number of 1.5, an a l t i tude  of 30,000 f ee t , a  
reactor-wall temperature of 2300° R, a turbine - inlet  temperature 
of 2 1 0 0 ~  R, and an airplane l i f t -drag  r a t i o  of 5,an airplane having 
a gross weight of 436,000 pounds would be required. 

INTRODUCTION 

Analyses are being &e at the NACA Lewis 
types of propulsion system u t i l i z ing  a nuclear reactor as the energy 
source. One system tha t  is being studied is the  d i r ec t - a i r  turbojet  
cycle f o r  which some resu l t s  were presented at a f l i g h t  Mach number 
of 0.9 i n  reference 1. In reference 2,  a comparison of three cycles 
w a s  made, and ’in t h i s  study also the resu l t s  for the d i rec t -a i r  turbo- 
Jet cycle are presented only f o r  f l i g h t  at a Mach number of 0. 
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The radiation shields tha t  were considered i n  references 1 and 2 
were, i n  general, the  wrap-around or integral-type shield and resulted 
i n  very heavy shield weights f o r  the large diameters khat are  fre- 
quently required for an air-cooled reactor.  Some check calculations 
indicated tha t ,  with these shields and the reactor-wall temperatures 
considered (up t o  2500' R ) ,  flight a t  a Mach number of 1.5 w a s  quite 
impractical; the airplane gross weights required t o  carry a pay load 
of 20,000 pounds were of the  order of 1,000,000 pounds. 

More recent shielding theories (references 3 ana 4)  indicate tha t  
the shield weight can be g r e a t l y  reduced from the values used i n  ref- 
erences 1 and 2 by using a separated-type shield wherein par t  of the 
radiation shielding is placed around the reactor and par t  around the  
airplane-crew compartment. In  addition, for the  same reactor dia- 
meter m d  hence f o r  the sane shield w e i g h t ,  larger reactor  air-handling 
capacities can be realized by w i n g  a split-flaw-type reactor.  

Because of the sizeable reduction i n  shield weight t ha t  now 
appears possible by use of the separated-type shield and split-flow- 
reactor arrangement, additional calculations have been made f o r  the 
d i rec t -a i r  turbojet  cycle and the resu l t s  are presented herein. The 
calculations now include resu l t s  f o r  a f l i g h t  Mach number of 1.5 i n  
addition t o  resu l t s  f o r  a f l i g h t  Mach number of 0.9 and cover a ranse 
of a l t i tudes ,  reactor-wall temperatures, turbine-inlet  temperatures, 
compressor pressure ra t ios ,  and airplane l i f t -drag  r a t io s .  

Airplane l i f t -drag r a t i o  is included as a primary variable i n  
th i s  analysis because it is f e l t  t ha t  at  the present time there is 
insuff ic ient  information available, especially i n  the supersonic-speed 
range, t o  make a r e a l i s t i c  assumption of s ingle  values of airplane 
l i f t -drag  r a t i o  for a given f l i g h t  condition. 

ANALYSIS 

Description of Power Plant 

A schematic diagram of the turbojet  engine is shown i n  f i s v e  I. 
A i r  enters the engine through an in l e t  diffuser  and gasses through the  
compressor i n to  the reactor where it is heated by contact with the w a l l s  
of the reactor flow passages. From the reactor, the air expands through 
the turbine and the exhaust nozzle as i n  the conventional turboJet 
engine. 
re la t ively high compressor pressure ra t ios ,  an intercooler w a s  included 
between compressor stages. 

' 

Inasmuch as the optimum performance of the system occurs at 
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Engine and airplane. - Some of the pertinent assmpti6ns tha t  were 
made f o r  the engine and the  airplane are l i s t e d  i n  the following table:  

Diffuser recovery fac tor  ( r a t i o  of actual 
t o  theoret ical  t o t a l  pressure). . . . . . . . . . . . . . . . .  0.96 

Compressor small-stage efficiency . . . . . . . . . . . . . . . .  .88 
Turbine adiabatic efficiency. . . . . . . . . . . . . . . . . . .  .90 
Exhaust-nozzle velocity coefficient . . . . . . . . . . . . . . .  .96 
Intercooler cooling effectiveness . . . . . . . . . . . . . . . .  .50 

gross weight. . . . . . . . . . . . . . . . . . . . . . . . . .  .35 
Ratio of airplane s t ructure  weight t o  

Disposable load, l b  . . . . . . . . . . . . . . . . . . . . . .  20,000 
Lift-drag r a t i o  of complete airplane. . . . . . . . . . . . .  .Variable 

The method of evaluating engine weight w a s  the same as tha t  used 
i n  reference 1. 
representative of the l igh tes t  of current turbojet  engines. 

The engine weights , as calculated by t h i s  method, are  

The airplane l i f t -drag  r a t i o  w a s  varied f o r  most calculations over 
a range, which, it w a s  f e l t ,  included pract ical  design values based 
on wing loading and e i ther  landing o r  take-off l imitations.  

Reactor and shield.  - The reactor and the reactor-shield configu- 
ra t ion  tha t  were considered i n  t h i s  analysis are  schematically shown i n  
f igure 2. The selection of shielding materials and t h e i r  densit ies and 
thicknesses w a s  not based on any nuclear calculations made at the  BACA, 
but ra ther  on the results of other investigators (references 3 and 4). 
The choice of a s y c i f i c  geometrical arrangement was made simply f o r  the 
purpose of determining a t o t a l  shield weight. The reactor is a cylindri-  
c a l  split-flow type and w a s  assmed t o  have a length-to-diameter r a t i o  
of 0.9 and a free-flow area r a t i o  of 0.5. I n  the  spli t-I"lar arrangement, 
t he  reactor is cut by a transverse gap midway between the ends. The 
coolant flows in to  t h i s  gap, through the reactor,  and out both ends. 
The reactor core is enclosed around the circumference and the ends by a 
3-inch-thick re f lec tor .  

The separated shield considered herein consists essent ia l ly  of a 
Jacket of re la t ive ly  low mean-density material surrounding the  ref lec tor  
and the reactor and a separate crew shield.  
were surrounded by 4 inches of lead, which i n  turn was surrounded by 
4 f e e t  of material having a specif ic  gravity of 0.85. Some reactor- 
sbield weight saving w a s  accomplished by rounding the corners of the  
shield with a 4-foot radius. 

The reactor and the  re f lec tor  
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The reactor shield as schematically shown i n  f igure  2 does not 
have provision f o r  ducts f o r  passing the air i n  and out of the  reactor.  
I n  calculating the reactor-shield w e i g h t ,  however, the unducted reactor- 
shield weights were increased by 15 percent t o  allow f o r  the air ducting. 

The crew compartment was considered t o  be a hollow lead cylinder 
closed on the end facing the reactor and weighing 50,000 pounds. 

Methods 

The performance of the nuclear turbo j e t  -powered airplane was 
evaluated on the  basis  of the  minimum airplane gross weight required t o  
carry a disposable load o r  pay load of 20,000 pounds. 

For each combination of f l i g h t  Mach number, a l t i tude ,  reactor-wall 
temperature, and turbine-inlet  temperature, the compressor pressure r a t i o  
and reactor pressure drop (a function of reactor-inlet  Mach number) were 
varied t o  determine the minimum airplane gross weight and the correspond- 
ing opttmum engine operating conditions. 

For a l l  calculations, the turbine-inlet  temperature w a s  assumed t o  
be 200' R below the reactor-wall temperature. Although no' systematic 
study w a s  made t o  determine the effect  of t h i s  temperature difference 
(reactor-wall minus turbine-inlet)  on the system performance, a few ca l -  
culations on the  direct-air  turbojet  indicate tha t  ZOOo R is about 
optimum. 

RESULTS AND DISCUSSION 

Effect of l i f t -drag  r a t io .  - The effect  of airplane l i f t -drag  r a t i o  
on airplane gross weight at  various a l t i tudes  and f o r  f l i g h t  Mach numbers 
of 0.9 and 1.5 is i l l u s t r a t ed  i n  figure 3. The disposable load o r  pay 
load was assumed t o  be 20,000 pounds. Reactor-wall and turbine-inlet  
temperatures were selected f o r  each f l ight  condition so t ha t  the resu l t -  
ing airplane gross weights were always e i ther  less than o r  only s l i gh t lv  
over 1,000,000 pounds. 
(Mach number 0.9, f i g .  3 ( a ) ) ,  the reactor-wall temperature is 2000° R and 
the  turbine-inlet  temperature is 1800' R; f o r  the more severe flight 
condition (Mach number 1.5, f i g .  3 (b) ) ,  the reactor-wall temperature is 
2300' R and the  turbine-inlet  temperature is 2100' R. 

Thus f o r  the less  severe f l ight  condition 

The reactor-core diameter is a dependent variable i n  a l l  calcu- 
lations and is determined by the heat-transfer requirements of the cycle. 
Dashed l ines  of constant reactor diameter are included on th i s  figure. 
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A t  a l l  a l t i tudes  and f l i g h t  Mach numbers, the airplane gross 
weight and the  reactor s i z e  increase rapidly with decreasing lift-drag 
ra t io .  A t  sea leve l  and a f l i g h t  Mach number of 0.9, the airplane 
gross weight t o  carry a 20,000 pay load would be less than 500,000 pounds 
f o r  a l i f t -drag r a t i o  as low as 5.5. 
at  a l t i tudes  of 30,000 and 50,000 fee t ,  the airplane gross weight would 
be s l i gh t ly  less than 500,000 pounds f o r  l i f t -drag ra t ios  of 7 and 15, 
respe_ctively . 

A t  the same f l i g h t  Mach number and 

A t  a f l i g h t  Mach number of 1.5 and at  the  higher reactor-wall temp- 
erature  (2300O R ) ,  airplane l i f t -d rag  ra t ios  of 4.5 and 9 at a l t i tudes  
of 30,000 and 50,000 f ee t ,  respectively, would resu l t  i n  airplane gross 
weights of about 500,000 pounds. 

The reactor diameters from figure 5 f o r  airplane gross weights of 
500,000 pounds would be about 4.5 and 5.2 f e e t  f o r  f l i g h t  Mach numbers 
of 0.9 a d  1.5, respectively. 
a t  a reactor diameter of 3 f ee t ,  which w a s  the  minimum s i z e  considered 
i n  t h i s  analysis. 

A l l  curves i n  figure 3 were discontinued 

Additional information on probable lift-drag ra t ios  is required 
before the f l i g h t  condition can be determined %hat r e su l t s  i n  minimum 
airplane gross weight. 
landing o r  wing-loading limi-tations, the maximum possible lift-drag 
ra t ios  f o r  a given f l i g h t  Mack number will vary with a l t i tude .  For 
constant wing loading or constant landing speed, the design lift-drag 
r a t i o  tends t o  increase with increase i n  design a l t i tude  a t  constant 
f l i g h t  Maoh number. Thus t o  determine the f l i g h t  a i t i tudes  at which 
minimum airglane gross weight occurs, it is necessary t o  be able t o  
predict the design l i f t -drag  r a t i o s  f o r  various a l t i tudes .  If, f o r  
exmsle,  the maximum airplane design l i f t -drag  r a t i o  obtainable at  a 
f l ight  Mach number of 1.5 a d  an a l t i t ude  of 50,OOafeet is 9, the  air- 
plane gross weight according t o  figure 3(b) would be 500,000 pounds. 
however, the maximum l if t-drag r a t i o  obtainable at  the  sme flight Mach 
number but at  an a l t i tude  of 30,000 feet is considerably lower, f o r  
exmple 6, the  airplane gross weight would be only 350,000 pounds despite 
the lower airplane l i f t -drag  r a t io .  

If the design l i f t -drag  r a t i o  is t o  be based on 

If, 

It might be emphasized here t h a t  the  airplane gross weights shown 
herein tha t  are required t o  carry a 20,000 pound pay load a r e  considerablj 
lower than indicated i n  references 1 and 2,  and tha t  t h i s  difference is 
due almost ent i re ly  t o  the use in  t h i s  analysis of the low shield weights 
associated wi-th the sp l i t - f  low reactor  and separated-shield arrangement. 

Effect of reactor-wall temperature. - The ef fec t  of reactor-wall 
temperatime on airplane gross weight f o r  a l t i tudes  of sea leve l  and 
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50,000 f e e t  at a f l ight  Mach number of 0.9 is shown i n  figure 4. A n  
airplane l i f t -drag r a t i o  of 7 w a s  chosen a r b i t r a r i l l y  f o r  the sea-level 
calculations and a l i f t -drag  r a t i o  of 10 w a s  likewise chosen f o r  the 
calculations a t  50,000 f ee t ,  inasmuch as the design lift-drag r a t i o  f o r  
constant wing loading or  constant landing speed would be expected .to 
increase by some amount w i t h  a l t i tude,  a s  previously mentioned. "he 
turbine-inlet temperature i n  each aase is ZOOo R below the reactor-wall 
temperature. 

For the sea-level a l t i tude  case, -the airplane gross weight and 
reactor s i z e  increase rather  slowly with decreasing reactor-wall tem- 
perature between 2100' and 1900' R. 
airplane gross weight and tlae reactor s i z e  increase rapidly wi t la  decreas- 
ing temperature. 
at sea-level a l t i tude  and a reactor-wall temperature of 1850' R. 
a l t i tude  of 50,000 f ee t ,  t he  airplane gross weight increases very rapidly 
with decreasing reactor-wall temperature and the airplane gross w e i g h t  is 
over 1,000,000 pounds f o r  reactor-wall temperatures below about 2090' R. 

Below about 1900' R, however, the 

The aizylane wei@t is s l igh t ly  below 500,000 pounds 
A t  an 

The ef fec t  of reactor-wall temperat-we on airplane gross weight f o r  
a flight Mach number of 1.5 and an a l t i tude  of 30,000 f e e t  is Shawn i n  
f igure 5. Tfie lift-drag r a t i o  of' the airplane is 5.0. The airplaae 
gross w e i g h t  varies from s l igh t ly  over 600,000 pounds at  a reactor-wall 
temperature of 2100° R t o  360,000 pounds at a reactor-wall temperature 
of 2500' R .  

The following table presents tine a i q l a n e  gross wkights and corre- 
sponding reactor diameters f o r  a f e w  representative operating conditions 
as obtained f rom fi&es 3 t o  5; a l so  presented i n  the table a re  the 
reactor heat-release rstes per uni t  volume, some engine weight and per- 
i'omnance figures,  and an airplane gross weight breakdown. 
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4.6 

5.5 
81,400 

100 
5000 

L31,OOO 

50,000 
77,000 

!53,000 
20,000 

L36,OOO 

Flight Mach number 
Altitude, ( f t )  
Airplane l i f t  -drag 

rat io  
Reactor-wall 

temperaturea, (OR 
Reactor core 

d ime te r ,  ( f t )  
Reactor heat 

release (~rw/ in .~)  
Engine tbrust ,  ( l b )  
Engine f ronta l  

area%, (sq f t )  
Reactor wei@t, ( l b  
Reactor shield 

weight, ( lb )  
Crew shield 

weight, ( lb )  
Engine weightc, ( l b  
Airplane s t ructure  

weight, ( lb )  
Pay load ( lb)  
Airglane gross 

weight, ( l b )  

4.6 

2.2 
42,500 

113 
5000 

131,000 

50,000 
70,000 

149,000 
20,000 

425,000 

0.S 
c 

7 

2 ooc 

, 3.6 

6.8 
48, ooa 

49 
2 000 

102,000 

50,000 
48,000 

12 0,000 
20,000 

342,000 

0.6 
C 

7 

180C 

6.2 

2 .I 
83,200 

114 
12,000 

189,000 

50,000 
-07,000 

:04,000 
2 0,000 

i82,OOO 

0.S 
50, OOC 

15 

2 ooc 

4.5 

1.7 
31,800 

17  9 
5000 

128,000 

50,000 
107,000 

167,000 
20,000 

177,000 

7 

%bine-inlet temperature 200' R below the reactor-wall temperature. 
b a s e d  on compyessor f ron ta l  area, no allowance made f o r  nacelle. 
'Compressor, turbine, intercooler, and shaf t .  

Optimum compressor pressure r a t io .  - I n  reference 1, it is shown 
tha t  the optimum compressor pressure ra t ios  f o r  the nuclear-powered 
turbojet  engine were about 40:l f o r  most conditions investigated. It 
is pointed out, huwever, and i l l u s t r a t ed  by a figure i n  reference 1 
tha t  the optimum compressor pressure r a t i o  w a s  lmgely  a function of 
VIS shield weight and the turbine-inlet  temperature. 

I n  the present analysis, the compressor pressure r a t i o  f o r  opthum 
performance was found t o  be about 15:l for most cases and below 25:l i n  
every case. 
l igh ter  shield than w a s  used i n  references 1 and 2. 
lists the optimum comTressor pressure ra t ios  for some of the conditions 
t h a t  were investigated in  the present ana lys i s  : 

This aifference w a s  due largely t o  the assumption of a 
The following table  



8 

Flight 
Mach 

number 

NACA RM E50X06 

Altitude Airplane 
( f t )  l i f t -drag 

r a t i o  

Turbine- in le  t 
temperature 

(OR> 

1500 
1800 
1800 
1800 
2100 
2 100 

Opt h u m  
compressor 
pressure 
r a t i o  

7 
10 
17 
20 
14 
16 

0.9 
.9 
.9 
.9 

1.5 
1.5 

As previously mentioned, the design airplane l i f t -drag- ra t io  f o r  a given 
f l i g h t  speed based on maximm wing loading or maximum landing o r  take- 
off speed would be a function of a l t i tude ;  however, i n  t he  preceding 
table,  f o r  purposes of comparison of the optimum cowpressor presstlre 
ra t ios ,  the same airplane l i f t -drag  r a t i o  is used i n  the  first and th i rd  
l ines although these l ines  a re  f o r  d i f fe ren t  a l t i tudes.  

0 7 
0 7 

30,000 7 
30,000 10 
30,000 5 
50,000 10 

Tne preceding table  indicates tha t ,  for tSe range of conditions 
investigated and f o r  the shield w e i g h t s  considered, the optimum com- 
pressor pressure r a t i o  increases with increasing al t i tude,  airplane lift- 
drag ra t io ,  and turbine-inlet  temperature. 

SUMMARY OF RES7ZTS 

The results of calculations on tbe performance of a d i rec t -a i r  
nuclear turbojet-pawered airplane using a s p l i t - f l o w  reactor and a 
separated-type shield may be summarized as follows: 

1. The airplane gross weight and the  reactor s i z e  required t o  
carry a specified pay load increased rapidly with decreasing reactor- 
wall temperature a d  airplane l i f t -d rag  ra t io .  

2. The following table gives, fo r  some representative conditions 
investigated, the airplane gross weights and corresponding reactor d ia -  
meter that are required t o  carry a disposable load of 20,000 pounds 
along with the uni t  volume reactor heat release ra tes ,  some engine 
performance and weight figures, and an airplane gross-weight breakdawn. 



Fl i&t  Mach number 
Altitude, ( f t )  
Airplane lift-drag 

r a t i o  
Reactor -wall  

temperature", (41) 
Reactor core 

diameter, ( f t )  
Reactor heat 

release, 
Engine thrust, (lb) 
Engine f r o n t a l  

areab, (sq f t )  
Reactor weight, ( l b )  
Reactor shield 

weight, (Ib) 
Crew shield 

weight, ( l b  
Engine weight , ( lb )  
Airplane s t ructure  

weight, (lb) 
Pay load, ( lb)  
Airplane SOSS 

weight, (lb) 

0 

0.9 
0 

7 

2 000 

3.6 

6.8 
48 , 800 

49 
2000 

102,000 

50,000 
48,000 

20,000 
20,000 

342,000 

0.9 
0 

7 

1800 

6.2 

2.1  
83,200 

114 
12,000 

L89,OOO 

50,000 
L07,OOO 

m,ooo  
20,000 

582 , 000 

0.9 
50,000 

15 

2000 

4.5 

1 . 7  
31,800 

17 9 
5000 

128,000 

50,000 
LO7 , 000 

L67,OOO 
20,000 

C77,OOO 

1.5 
30,000 

5 

23 00 

4.6 

5.5 
81,400 

100 
5000 

L31,OOO 

50,000 
77 , 000 

153 > 000 
20,000 

L36,OOO 

1.5 
50,000 

10 

2300 

4.6 

2.2 
42,500 

113 
5000 

L31,OOO 

50,000 
70,000 

L49,OOO 
20,000 

k25,OOO 

9 

%bine-inlet temperature ZOOo R below the  reactor-wall temperature. 
%wed on compressor f ron ta l  area, no allowance made for nacelle. 
CCompressor, turbine, intercooler, and shaf t .  

3. The compressor pressure r a t i o  for  optimm performance of the 
system w a s  about 15:l for most conditiohs and not more than 25:l f o r  any 
of the conditions investigated. 

Lewis Flight Propulsion Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio, October 4, 1950. 
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o u t  

3-inch r e f l e c t o r  

14 inches of lead 

1, f e e t  of material 
s p e c i f i c  Cravi t y  

. of 
0.85 

Figure 2. - Schematic diagram of reactor and reactor sh ie ld ,  
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Figure 5. - Variation of airplane gross weight with reactor wall 
temperature. Flight Mach number, 1.5; altitude, 30,000 feet; 
airplane lift-drag ratio, 5.0; reactor-wall temperature minus 
turbine-inlet temperature, 200° R; disposable load, 20,000 pounds. 




